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HCh
Nonperturbative dynamics inside Y
proton and hadronization at LHCb

* Precision measurements, proton structure and
hadronization are main parts of QCD/EW program at LHCb.

* W mass, Z production, heavy quark PDFs ...

 Jet substructure, jet fragmentation functions for light and
heavy quarks and resonances.

— This talk presents new results in the following topics:

 Intrinsic charm in Z+c
J Angular correlations in DY — TMD PDF
J Multi-differential TMD JFF in Z+jet
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The LHCb experiment %

JINST 3 (2008) S08005
Int. J. Mod. Phys. A 30 (2015) 1530022

General purpose detector in
the forward region (2 <1 <5)
Full jet reconstruction with e\
tracking, ECAL and HCAL + —— T ma§)
Tagging of jets from 7l =l
light-quark, c- and b-quark
Charged hadron identification
Impact parameter resolution
15+29/p; [GeV]
Decay time resolution 45 fs
Muon reconstruction for
resonance states Physics at LHCb :

* Matter-antimatter symmetry

Vertexting Tracking PID Muon

ECAL HCAL

 CP Violation and rare decays of beauty and charm hadrons
e QCD, Electroweak and exotica ...
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/pdf
https://www.worldscientific.com/doi/pdf/10.1142/S0217751X15300227

Is there charm in the proton?

C
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Extrinsic Intrinsic
: Perturbative charm content via gluon : luudcc > component allowed in
radiation g — ccC . the proton wave function .
: Charm pairs created from DGLAP evolution. : Both valance-like and sea-like charm
: Charm PDF will resemble gluon PDF, and possible.

decrease sharply at large x.

Sookhyun Lee CPHI 2022 3

MICHIGAN



Intrinsic charm at LHCb

Leading order Zc production via
gc — Zc scattering at LHCb

MICHIGAN

Phys. Rev. D 93, 074008 (2016)

j=0(Zc)/o(Z))

e Z + c production at forward rapidity
require one initial parton to have large
momentum fraction x.

* Z 4+ crequires large momentum transfer
() above EW scale, hence small nuclear
and hadronic effects.

* Z+ ctoZ + j ratio to reduce
sensitivities to experimental and
theoretical uncertainties.
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Phys. Rev. Lett. 128, 082001
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e Light Front QCD: Non-perturbative IC manifests as valence-like charm content in
the parton distribution functions (PDFs) of the proton at large x.

* Perturbative charm content via gluon radiation g — cC is expected to be
suppressed at large x, at forward rapidity.

* A percent-level valence-like IC contribution would produce a clear enhancement
in R;" for large (more forward) values of Z rapidity, y(Z).
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* Three scenarios, assuming no IC, IC allowed and valence-like IC (BHPS).

* Asizable enhancement at forward Z rapidities, consistent with the effect
expected if the proton wave function contains the |[uudcc > component.

* Incorporating these results into global PDF analyses should strongly constrain
the large-x charm PDF, both in size and shape — and could reveal that the proton
contains valence-like intrinsic charm.

e Test of DGLAP evolution from low Q in DIS to EW scale.
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DY neutral current process

* Rich physics encoded in angular
distribution of muons fromy*/Z —

" utu~ decay in the forward region.

» Z-boson cross-section measurements
at low Z py (< 0.2 m;) already used for
global analyses of unpolarized TMD
PDFs.
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Angular coefficients

* Production mechanisms for spin 1
particles decaying into dileptons
can be expressed using 8 angular
coefficients A; (i =0,... 7).

* Lam-Tung relation Ayg= A, at LO;
can be violated by NP effects, e.g.
Boer-Mulders TMD PDF, or even at

proton Nucleon higher order in FO as well as
resummation pQCD calculation.
/ Collins-Soper frame
H * Aj, A, i V-Astructure.
Lepton angular distribution
do

1 1
dcosfde (1+ cos®) + §A0(1 — 3cos®f) + A; sin 26 cos ¢ + §A2 sin? @ cos 2¢

+Assin @ cos ¢ + Ay cos O + Assin? 6sin 2¢ + Ag sin 20 sin ¢ + A, sin 0 sin ¢.
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TMD PDFs RSk
a n d DY Leading Twist PDFs

Nucleon
Unpol. Long. Trans.
Quark
Boer-Mulders Fn Unpol. i = o fir =6 =
Sivers
: . Helicity
.QUa:k:pln momentum Long. iy 3 g1T=6 B 6
correlation | & @ Worm-gear
: can be measured via DY Worm-gear Transversity
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DY angular ccefficients
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* Significant violation of Lam-Tung
relation observed;

e lyl <3.5 JHEP 08 (2016) 159  * consistent with measurements
<F: ' An_'AS I by CMS and ATLAS.
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HCD
50 < My, < 75 GeV/c? 105 < My, < 120 GeV /c? \
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Boer-Mulders TMD PDF

* A, inthe low p; region sensitive to the Boer-Mulders TMDPDF

* At p;(Z) <3 GeV/c, A, measured to be ~ 5 times all
predictions.

* No phenomenological calculations available.
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Jet substructure

Jet substructure p

Jet angularity

fragmenting jet function p
(FJF)

TMD FJF

dgrpr—Jiet (p)X

dprdn dp

= D .88 H,® G.(p)

a,b,c

Sookhyun Lee CPHI 2022

13



Accessing TMD FF
using hadrons in jets

do.pp—)jot(h)X

- Z fa/A %Y fb/B ® Hgb ® gc}:l(’zll"jL)

a,b,c l

dprdndz,d?3 |

N/D\h/c(zh»jj_;ﬂ])
: TMD FF
__Djet " Phn
| Djet |2
jir = | Pjet X Dn |
r | Djet |

r= \/(quet — &n)* + Yjer — Yn)?
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Gluon- vs. quark-initiated jets

* LHCb Z+jets (quark jet) vs. ATLAS inclusive jets (gluon jet)

* Quark-initiated jets are more collimated and takes a larger
partonic momentum fraction than gluon jets.

PRL 123, 232001 (2019) - Supplemental material PRL 123, 232001 (2019) - Supplemental material
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New results at LHCb!
Charged hadrons in Z—tagged jets

At small z;, < 0.02, color
coherence effects manifest as a
humped-back structure.

Harder jets, higher pT or higher
Vs, produce an excess of soft
particles per jet.

Scaling behavior at large z;, <
0.04.

_A-
Vs=13TeV, Z+j E
sacps TR LiCy, PRL 123232001 (2019) 3 Similar pattern in j; between Vs
—¢—20<p~‘;‘<30Gev -+ 20<p ' <30 GeV ] P )T
+30<p’;‘ <50 GeV - v’ 13 TeV, n/K*/p* =8 TeV vs 13 TeV
—.h—50<p’;I <100 GeV -4~ {s=8 TeV,h*
MR I | MR EE T | o aaaanl o aaaanl

107 1. GeV 107 1 GV
i, [GeV] i, [GeV]
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JFF for %, KT and p*
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« Charged hadron formation within jets predominantly by = due to low mass
and flavor of constituent quarks.

Formation of hadrons at the beginning of parton shower is more suppressed for
K= than p* (protons cross over Kaons at higher z in ratio distributions.)

* Harder jets provide more energy to produce heavier hadrons carrying smaller
fraction of jet momentum (later stage of parton splitting) for all hadron species.
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TMD JFF for charged hadrons h*

LHCb Preliminary
Vs =13TeV, forward Z+jet
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* Hadrons carrying large momentum fraction along jet axis tend to have
large transverse momentum w.r.t. jet axis.

* Centroid of harder jets shifted towards smaller z, (soft particle
production) and larger j; (fatter jet, increased j; for given z,)).
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TMD JFF for mE, K* and p*

LHCb Preliminary
Vs= 13TeV, forward Z+jet
20<p’ <30 GeV

 Joint distributions for pions, Kaons and protons at 20 < jet p; < 30 GeV/c

[%]

* Heavier hadrons produced by harder partons, i.e. larger j; as well as larger z,.
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Summary and outlook

O LHCb QCD/EW program performed precision and jet substructure measurements to advance our understanding
of nonperturbative dynamics inside proton and hadronization.

U Charm jet to Z jet ratio measurements revealed presence of valence-like intrinsic charm component at large
momentum fraction x.

* Global analyses including new results will constrain charm component in proton PDF.
* In addition, it can test DGLAP scale evolution from DIS to EW scale at LHC.

U DY angular coefficient measurements saw violation of Lam-Tung relation and hints of NP Boer-Mulders effect for
the first time.

* Results consistent with CMS and ALTAS results that also saw significant violation of Lam-Tung relation.

* Phenomenological calculations needed to use new results to extract BM fn.

O Multi-differential TMD JFF measured for charged pions, Kaons and protons for the first time.

* Results shed lights on particle (their flavor composition) dependent parton shower and hadronization processes.

* Hadrons carrying larger jet momentum fraction in longitudinal direction tend to carry larger transverse
momentum w.r.t. jet axis as well.

« Confirms features shown in measurements at lower Vs = 8 TeV; higher jet p; produces an excess of soft particles
in both longitudinal and transverse dimension.

O Hadronization in heavy flavor jets, excited resonance states under way. Results expected to come out soon.
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